Introduction
Non-patterned, continuous electrical stimulation of the lumbar spinal cord via implanted electrodes can produce various motor outputs to the lower limb muscles of individuals with motor complete SCI depending on the applied stimulation parameters [1, 2] . The motor effects range from the generation of bilateral extension (effective stimulation frequencies 5-15 Hz) to automatic rhythmic lower-limb movements (25-60 Hz) [1, 3] . Further, epidural SCS at 20-50 Hz augmented the rhythmic EMG activities produced by passive, body-weight supported treadmill stepping in subjects with chronic, motor-complete SCI [2, 4, 5] . Thus, the locomotor circuits within the lumbar spinal cord below the lesion can be activated by nonpatterned SCS and integrate step-related sensory feedback in the generation of rhythmic motor outputs. Here, we studied whether the non-patterned input provided by SCS along with step-related sensory feedback could be integrated into the voluntary motor task of active treadmill stepping. The rationale was to test whether the combination of these inputs would augment functional motor outputs in a motor-incomplete SCI subject capable of voluntary treadmill stepping without support. We applied a previously described skin-electrode based method of SCS that consistently stimulates (a subset of) the same neural structures as epidural lumbar SCS, i.e. afferent fibers within the L2-S2 posterior roots in humans [6, 7, 8] . When applied in a continuous mode, this transcutaneous SCS (tSCS) was suggested to modify the central state of excitability of lumbar circuits in SCI individuals [7, 9, 10, 11] . Here, the immediate effects of 30-Hz tSCS at intensities below the motor threshold of the lower limbs in a motor-incomplete SCI person actively stepping on a treadmill without manual assistance and body-weight support will be elaborated.
Methods
Subject: Data were derived from a female (age 29 y) with sensory-and motor-incomplete SCI (neurological level: T9), 11 years post-injury, classified as grade D on the American Spinal Injury Association impairment scale. The subject had spastic muscle hypertonia and clonus in the lower limbs. She could complete the 10-meter walk test with two crutches. The study was approved by the local Ethics Committee. Transcutaneous spinal cord stimulation: tSCS was applied using a pair of self-adhesive stimulating electrodes (Ø 5 cm, Schwa-medico GmbH, Germany) placed over the T11/T12 spinous processes and a pair of rectangular reference electrodes (8 x 13 cm each) over the lower anterior abdomen. A constant-voltage stimulator delivered chargebalanced, symmetric, biphasic rectangular pulses of 2 ms width (1 ms per phase). Electrode placement over the lumbar spinal cord was confirmed by the elicitation of posterior rootmuscle reflexes in the lower limb muscles [6, 7, 8] . Treadmill stepping: The subject actively stepped on the treadmill without braces, manual assistance, or bodyweight support at 1.6 km/h and 0.8 km/h. Data acquisition: EMG recordings from quadriceps (Q), hamstrings (Ham), tibialis anterior (TA), and triceps surae (TS) muscles bilaterally were acquired using pairs of silversilver chloride recording electrodes (Intec Medizintechnik GmbH, Austria) [12] . EMG signals were amplified (EMSHandels GmbH, Austria) with a gain of 502, filtered to a bandwidth of 10-500 Hz and digitized at 2048 samples per second per channel. Data recorded by electro-goniometers (Penny & Giles Biometrics, Ltd., UK), used to measure knee and ankle movements, and by four pressure-sensitive switches (strain gauges, RS Components, Germany) distributed over each foot sole, detecting stance phases, were synchronized to the EMG, bandpass-filtered between 0-100 Hz and sampled at 2048 Hz. Stimulation and study protocol, data analysis: The sessions started with a recording of treadmill stepping without tSCS, followed by a recording done with the same treadmill parameters and tSCS at 30 Hz and 18 V, an intensity producing paraesthesias in most of the lower-limb dermatomes, yet below motor threshold for the lower-limb muscles. This procedure was repeated for both treadmill speeds. A fourth-order band-pass Butterworth filter was used to filter EMG data (10-700 Hz) and goniometers data of hips and knees (0-15 Hz). Foot switch recordings were used to define gait cycle durations and to distinguish between stance and swing phases. Goniometric data averaged from ten consecutive gait cycles were utilized to produce hip-knee cyclograms.
Results
Without tSCS (Fig. 1, left) , the EMG activity during active treadmill stepping of bilateral Q was characterized by two bursts per gait cycle, one occurring during the early stance phase and a second one of smaller amplitude and shorter duration at the stance-to-swing transition. In LQ, stretch-like EMG activities emerged at heel strike. Both
Ham featured a single EMG burst per cycle, starting at the transition from swing to stance, and lasting up to midstance. RTA activity occurred at the stance-to-swing transitions, while in LTA, no gait-phase appropriate EMG activity was observed. Clonus-like EMG activities in both TS occurred during the respective stance phases. The EMG patterns were immediately modified when 30-Hz tSCS was supplied (Fig. 1, right) . The stretch-like activity in LQ appeared less frequently. A second burst of activity emerged in both Ham during the concentric contractionlike activity preceding the maximum hip and knee flexion during swing. A burst of activity emerged in LTA during left swing. The clonus-like EMG patterns in TS were not modified. Regarding the amount of EMG activity, Qactivity was augmented during swing and Ham-activity during stance when tSCS was applied. TA-activity was increased during swing while TS-activity was decreased. During stance, TA-activity was reduced and TS-activity augmented. During tSCS, stride length changed from 1.13 m to 1.32 m, on average, and cycle duration increased from 2.6 s to 3.0 s, while only the swing phases were prolonged (p < 0.01). The goniometric data in Fig. 1 also clearly show changes of the gait kinematics by tSCS. Figure 2 summarizes these stimulation-related modifications of the hip-knee movement coordination. The range of movement of hip and knee increased significantly (p < 0.01), and the coordination between hip-and knee-movements changed characteristically during tSCS. These modifications were reproducible at both treadmill speeds tested (cf. cyclogram labelled as rep. in Fig. 2) . Generally, tSCS facilitated a more fluid multi-joint movement with an exaggerated flexion component and augmented foot clearance. 
Discussion
Non-patterned 30-Hz tSCS applied over the lumbosacral spinal cord in a person with a chronic, motor-incomplete SCI during voluntary treadmill stepping caused immediate effects on the lower-limb EMG activities and reproducibly modified the gait kinematics. TSCS was applied at an intensity below the threshold of the lower limb muscles at a level producing paraesthesias in the lower limb dermatomes. The observed stimulation-induced effects were not due to the direct activation of spinal motor pools. Specifically, during tSCS alone, i.e. without the subject's voluntary attempt to step, no EMG activities were produced in the lower limbs. It is thus plausible that the continuous tSCS elevated the physiological state of the lumbar locomotor circuits that in turn became more responsive to the supraspinal commands via the residual descending pathways [4, 5] . The gait-phase appropriate manner of the stimulation-induced EMG modifications further hints on the capability of the involved neural circuits to efficiently integrate the non-patterned input delivered by tSCS and the step-related proprioceptive feedback into the voluntary execution of coordinated multisegmental movements. The present findings suggest that tSCS can be used to facilitate residual voluntary locomotor control in motor-incomplete SCI individuals. Further study in a larger subject population is warranted.
